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Abstract 
The effect of particulate matter on the amine-based capture process has, up till now, not been considered in much 
detail due to the relatively low concentration of particulate entering the capture plant. In this study we present results 
of leaching tests with 30 wt% MEA utilising real fly ash samples from a range of European coal-fired power plants. 
The effect of a number of parameters including CO2 loading, temperature, pH, leaching time, solid/liquid ratio & 
organic heat stable salts have been investigated. These experiments show that the behaviour of the various 
compounds and elements is not uniform with different conditions. A strong correlation between reducing 
pH/increasing CO2 loading and Fe, Cr & V levels is observed, but is not seen for other heavy metals. This impact of 
pH on metal solubility is striking and suggests that Fe, in particular, may be transported by the liquid system and 
stored as deposits in the stripper where increased pH reduces the solubility of Fe compounds. The presence of oxalate 
as a heat stable salt leads to the precipitation of calcium oxalate when calcium phosphate is leached out of the ash. 
This could result in deposits in areas such as the reboiler that may lead to plugging, reduced heat transfer efficiency 
and even corrosion issues. Solid/liquid ratio was also found to have some effect with lower solid/liquid ratios 
showing higher relative solubility for heavy metals. Temperature and leaching time were also investigated but only 
minor increases in metals content were observed by increasing either of these parameters. The results observed 
strongly suggest that the effects of particulate matter on the post-combustion capture process should not be ignored, 
particularly if levels are sufficient to lead to significant build up of ash in the solvent. Ash captured in the liquid has 
the potential to release significant amounts of Fe, Mg, Ca and PO43- into the solvent with Fe levels, in particular, 
being a concern for the enhancement of solvent degradation processes. 
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1. Introduction 
Amine-based post-combustion CO2 capture on coal-fired power plant is an end of pipe technology and 
can be affected by any upstream processes that alter the quality of the incoming flue gas. Flue gas being 
emitted from coal fired power stations fulfils the requirements of relevant emission permits. Compliance 
with these permits is achieved by the use of a range of emissions control technologies that reduce levels 
of certain species in the flue gas, but generally do not eliminate them entirely and may add low levels of 
other components to the flue gas. Coal-derived flue gas typically contains a CO2 concentration of approx. 
13 vol% dry at 6 vol% dry O2 as well as other gaseous compounds such as SO2 & NOx, which may 
chemically react with the capture solvent. Typically in German coal-fired power plant approx. 65 ppmv 
dry SO2 and 100 ppmv dry NOx remain in the treated off gas and therefore need to be considered at the 
inlet of a CO2 cSpot sapture plant. Additionally, there are also low concentrations of particulate matter in 
the flue gas, levels of which are highly site dependant due to coal ash concentration/composition and the 
installed flue gas treatment equipment. The emission of particulate matter usually does not exceed a level 
of 20 mg/m3 (STP, dry, 6 % O2), for German coal-fired power plants. Particulate matter in the flue gas 
derives from:  
 
 Fly ash which has not been removed by the electrostatic precipitator (ESP) and the wet flue gas 
desulphurisation plant (FGD) which is usually positioned behind the ESP. 
 Small droplets of the FGD absorber liquor that are not captured by the demister installed on top of the 
FGD absorber. 
 
The effect of particulate matter on the amine-based capture process has, up till now, not been 
considered in much detail and is poorly understood due to the relatively low concentration of particulate 
entering the capture plant. However, due to the continual recirculation of the solvent in the process, low 
levels of particulate matter may build up in the solvent over time. Even if only a part of the total flue gas 
particulate is captured in the in the plant this may lead to the build-up of ash-derived metals in the solvent 
that could lead to enhanced solvent degradation, corrosion and potential plugging effects. Therefore, it is 
important that the effect of particulate matter on the design of demonstration-scale plants is assessed. 
2. Materials and Methods 
Due to the low concentration of fly ash particulate matter in the flue gas behind the FGD (typically 1-
2 mg/m³) obtaining reliable samples of sufficient material for characterisation is highly problematic. 
Therefore, ash captured in the ESP is used in these studies as a proxy for the particulate matter found after 
the FGD due to its ready availability and ease of sampling. Fly ash behind FGD compared to ESP ash has 
a smaller size distribution and, due to the higher specific surface area, generally a higher concentrations 
of heavy metals and compounds from condensation processes that occur during the flue gas path between 
the boiler and the air preheater of coal-fired power stations [1], [2]. However, the general composition of 
fly ash and ESP ash do not differ significantly if the ashes are considered without considering the levels 
of carbon residue. This can be implied from studies that show that when integral ESP ash (all stages) is 
compared to ESP ash from the final stage of the ESP alone, the differences in composition are small [3]. 
On this basis it is assumed that ESP ash is an acceptable proxy for studying the effects of particulate 
matter on the capture solvent. 
 
Spot samples of the ESP ash at a range of European power stations (PP1  5) have been taken from 
the total flow of captured ESP ash to the storage silo using standard internal methods. The average 
particle size of the samples was much lower than 10 mm, the maximum size for leaching tests. The 
composition of ash was characterised by X-ray Fluoresence (XRF). To ensure good quality spectra a 
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portion of each ESP ash sample was pressed into a 40 mm tablet using a wax binder before 
characterisations. The concentrations of the main/minor compounds and heavy metals have been 
determined quantitatively. The results for the main compounds are calculated as oxides. 
 
Leaching tests on the ESP ash samples were conducted according to the European Standard EN-
12457-4 at room temperature for 24 hours using a rotary shaker [5]. In the case of tests to observe the 
effect of temperature on leaching a magnetic stirrer was used for agitation of the mixtures rather than a 
rotary shaker (to allow for heating). The ratio of solid to liquid was 1:10 (kg/kg) in all experiments, with 
the exception of where this ratio was altered to determine its effect on leaching rates. Leachates were 
analyzed by ion chromatography (IC) for anionic compounds and inductively coupled plasma (ICP) 
analysis for Ca, Mg, Na, K, P and heavy metals. For all leaching tests, either pure demineralised water (< 
0,1 S/cm conductivity) or a solution of 30 wt% MEA (99.5% purity, Merck KGaA) in demineralised 
water was used. 
3. Properties of ESP ashes 
The composition of ESP ashes is site specific and varies over time due to the qualities of the different 
coal fuel diets and variation in those diets during typical commercial operation of coal-fired power plant. 
To ensure that the spot samples of ash are representative of the variability of ash produced at different 
power stations and therefore adequate for this examination a variation in the composition of major & 
minor compounds and heavy metals is to be expected. As shown in Table 1 the main compounds in the 
ash, which are SiO2, Al2O3, Fe2O3 and CaO, vary significantly in concentration between samples. Some 
minor compounds such as MgO and K2O vary to a lower extent, whereas the concentrations of Na2O, SO3 
and P2O5 differ by a factor 2 to 3 (Table 1). The concentrations of four heavy metal concentrations 
measured in this study, which are chosen due to their impact on degradation processes for MEA solution, 
also vary as expected (Figure 1). Vanadium concentration differs between 107 ppm to 249 ppm and 
Nickel between 71 ppm to 150 ppm. The bandwidth of the concentrations of manganese and chromium is 
significantly smaller than 100 %. This variability between samples is considered to be an adequate 
representation of the variability expected in coal-fired ash from European power stations and therefore is 
acceptable for this study. 
Table 1. Composition of major components of ESP ashes from a range of European power plant 
Component Concentration (wt%, C free) 
PP1 PP2 PP3 PP4 PP5 
SiO2 58.5 55.8 59.2 51.8 52.3 
Al2O3 20.8 25.2 23.7 27.5 21.0 
Fe2O3 6.7 7.5 6.8 5.5 9.2 
CaO 5.9 4.2 3.2 5.6 4.7 
MgO 1.8 1.4 1.7 1.9 1.7 
Na2O 1.1 0.7 0.7 0.7 1.7 
K2O 1.9 1.3 2.1 1.7 2.2 
SO3 0.9 0.6 0.4 0.8 1.9 
P2O6 0.9 1.5 0.7 2.4 2.1 
 
ESP ash consists of particle sizes which vary mainly in the range 200 m and 2 m. Figure. 2a shows 
a high magnification view by a scanning electron microscope (SEM) on particles which have diameters 
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up to 10 m (ESP ash from PP 1 as an example). At even higher magnification the surface area of 
particles with diameters of approx. 1 m can be observed (Figure 2b). The dominant types of particles 
found are glassy spheres. These are formed in the boiler when the pulverised fuel ash melts in the burner 
flame. Shortly after, the liquefied particles solidify into glassy spheres. At the surface of these spheres, 
deposits can be observed which derive from condensation processes occurring as the flue gas 
temperatures decreases out of the boiler.  Along with these condensation effects, the reaction of gaseous 
compounds like e.g. SO2 and SO3 occurs at the surface of the particles forming sulphates. Mainly, it is 
these surface salts and a portion of the accessible surface area that undergo dissolution during the 
leaching test. 
 
 
Figure 1. Concentration of some heavy metals in ESP ashes from a range of European power plant 
 
 
Figure 2. PP1 ESP ash morphology, a) (left) low magnification SEM image, b) (right) high magnification SEM image 
4. Results of leaching tests 
All leaching tests have been performed at room temperature with an ash to solvent ratio of 1:10 and a 
leaching time of 24 hours; unless one of these parameters is specifically being investigated in sensitivity 
tests (see sections 4.5-4.7). 
 
Within sections 4.1 to 4.3 the behaviour of different ESP ashes (i.e. from different plant) are 
compared. For the sake of clarity the values of the different ESP ashes are connected by a line in the 
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graphical representations of the data. This line does not imply any trend but is intended only to show the 
bandwidth of the data. 
 
The results in sections 4.4 to 4.7 show the impact of particular parameters using the behaviour of 
individual plant ESP ashes as examples. This approach allows trends to be interpreted with reasonable 
experimental effort. Nevertheless it should be remembered that each ESP ash and the related fly ash will 
react slightly differently due to its particular composition. 
4.1. Demineralised water 
Demineralised water reacts with the ash to form an alkaline leachate (pH values between 9.7 and 12.2) 
due to the dissolution of free lime. The conductivity varies between approx. 1,500 and 5,000 S/cm. The 
main species found in the leachate are sulphate and calcium. Sodium and potassium are found in low 
concentrations (Figure 3). Magnesium concentrations are below 1 mg/l indicating negligible solubility, 
except for the ESP ash of PP 5 which has a pH value of 9.7. Under this condition of lower pH, a low 
amount of magnesium is soluble. Heavy metal concentrations are below 0.5 mg/l due to the negligible 
solubility of these species at high pH. 
 
 
Figure 3. Concentration of major leachate species for ESP ashes in demineralised water 
4.2. MEA (30 wt%) unloaded 
30 wt% MEA (not loaded with CO2) used for the leaching test increases the pH of the resultant 
leachates to higher levels than for the water systems (> pH 12) but with lower conductivity values below 
1500 S/cm. Calcium and sulphate are observed at lower concentrations, whereas sodium, potassium and 
magnesium are found at similar levels as in demineralised water (Figure 4a). Iron leaches to a level of 
approx. 25 mg/l which equates to approx. 250 mg/kg in the ESP ash. Chromium, manganese, nickel and 
vanadium concentrations do not exceed 0.4 mg/l with one exception of 1.1mg/l for Cr in the PP 5 -
derived leachate (Figure 4b). 
4.3. MEA (30 wt%) loaded 
To simulate conditions more representative of actual capture plant conditions the MEA solution was 
loaded with CO2. Loading of CO2 causes a reduction in pH due to the reaction of MEA with CO2 and a 
reduction in the total alkalinity. For example, the pH is shifted from 12 to 9 as the MEA solution is loaded 
with CO2 up to typical levels found in rich solvent following absorption. The conductivity increases to a 
level of above 30,000 S/cm, which is also related to the CO2 loading but not to other dissolved salts. 
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Figure 4. 30 wt% MEA leachate a) (left) levels of sulphate and light metals, b) (right) levels of heavy metals 
Sulphate, sodium & potassium levels are found to be similar to unloaded MEA, but calcium 
concentrations are found to be higher, but still below the levels observed for demineralised water (Figure 
5a). Iron concentrations are found to be higher with loading of MEA to rich levels by a factor of 2-5 
depending on the ESP ash used (Figure 5b). Chromium concentrations are enhanced by approx. a factor 
of 2-3, manganese by a factor of 2, nickel between 1.5 and 2 and vanadium by approx. a factor of 10 
when compared to unloaded 30 % MEA. 
 
 
Figure 5. 30 wt% MEA CO2 loaded leachate a) (left) levels of sulphate and light metals, b) (right) levels of heavy metals 
4.4. Impact of pH 
During the capture process there is a pH change when CO2 is absorbed or stripped from the MEA 
solvent. For 30 wt% MEA the pH typically changes from 9 in the rich stream to 10.5 in the lean stream 
(depending on the operating conditions of the stripper). In order to evaluate the impact of changing pH on 
the leaching behaviour of fly ash, the ESP ash of PP 5 was leached using 4 different CO2 loadings (and 
hence pH values) of 30 wt% MEA solvent. 
 
The leaching results for heavy metals are shown in Figure 6. Iron, chromium and vanadium 
concentrations increase significantly with decreasing pH. In contrast, manganese and nickel 
concentrations do not show a significant dependence on pH in the range investigated. In addition there is 
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also a change of calcium and magnesium concentrations observed with changing pH. At lower pH levels 
these concentrations are increased. In the case of magnesium this increase is particularly significant. 
Sodium and potassium concentrations show little pH dependency. 
 
The observed behaviour of many metal ions to increase in concentration within the leachate at lower 
concentrations is important for assessing their potential behaviour in the capture process. For example, as 
pH increases as CO2 is stripped from the solvent, the solubility of metals such as iron decreases and this 
could lead to precipitation within the stripper sump and reboiler. These deposits may impact the 
performance of the process. This also suggests that the position of filters or similar devices to remove 
particulate matter from the process could be critical. Filters placed where pH is highest may remove more 
metals due to their reduced solubility. 
 
 
Figure 6. Leachate heavy metals content with pH of 30 wt% MEA solution. The typical pH range experienced in a capture plant is 
indicated 
4.5. Impact of solid to liquid ratio 
 
 
Figure 7. Impact of solid to liquid ratio on leachate levels of heavy metals (using PP5 ESP ash) 
 
On start up of a new capture plant the solvent is a clean mixture of amine and water. But immediately 
upon exposure to the flue gas the accumulation of captured fly ash particulate matter begins. If a capture 
pilot plant treats 5,000 m³/h (STP, dry, 6 % O2) flue gas and e.g. just 1 mg/m³ (STP, dry, 6 % O2) is 
captured in a solvent volume of 5 m3 (typical values for some current pilot-scale projects); then after 1 
hour of operation 1 mg/l of fly ash as an average value is distributed across the total volume. This is a 
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rather low ratio of solid to liquid of 0.001 g/L or 1:1,000,000 (kg/kg). After 5,000 hours of operation 
under the same conditions this ratio reaches 5 g/l or 1:200 (Figure 7). 
 
In order to investigate the potential effect of changing solid to liquid ratio on the leachability of 
species into the solvent three different ratios were investigated;1:10, 1:50 & 1:200. The concentrations of 
Cr, Mn, Ni and V drop down to below 0.25 mg/l as solid to liquid ratio is decrease 1:200. Fe also 
decreases, but still gives levels of 9 mg/l at this ratio, which is a less than linear decrease in concentration. 
Calcium and sulphate decrease by approx. factor of 2 relative to the available calcium sulphate as solid 
material in the ESP ash. Mg, P, K, and Na concentrations are also reduced, but by less than a factor of 20 
(i.e. simple dilution) when the results of the 1:10 solid to liquid ratio test is compared to 1:200 test. 
 
These results reveal that at lower fly ash concentrations, the relative solubility of many species 
increases and so the total concentration of metals cannot be directly related to the amount of solid present 
in the solvent, but must also consider the approach to solubility limits for particular species. 
4.6. Impact of leaching time & temperature 
Leaching experiments were also carried out over longer timescales to determine the impact of time on 
the level of leaching. Calcium levels are seen to drop over time and this is related to the release of 
additional sulphate and the precipitation of gypsum out of the liquid phase. All other species are seen to 
only show a slight increase over time confirming that at 24 hours the vast majority of leaching has already 
occurred. 
 
The impact of temperature was also investigated by conducting leaching experiments at 50 °C. 
Leaching at an increased temperature of 50 ° oncentrations as 
increasing leaching time. All species, again with the exception of calcium, show a slight increase in 
concentration with increasing temperature indicating only a weak correlation with temperature in this 
range. In future, this temperature range could be extended to include the full range of temperatures that 
solvent is exposed to in the system to ascertain if any increased temperature dependence is observed at 
higher temperatures. 
4.7. Impact of organic heat stable salts 
Increasing concentrations of oxalate, by addition of oxalic acid to the MEA solvent before leaching (at 
levels of 50 & 100 mmol/kg which have been observed in pilot plant testing in the past), leads to a change 
of solid salts present if fly ash particulate is available for leaching. Calcium phosphate contained within 
the fly ash releases phosphate & calcium into the solution. The calcium then appears to precipitate out as 
calcium oxalate (Figure 8a) resulting in a significant drop in calcium levels and a reduction in oxalate 
levels from those added initially. Small amounts of magnesium also seemed to be incorporated. Turning 
to heavy metals, the concentration of iron is reduced by approx. 15 % (suggesting either a reduction in 
solubility or co-precipitation with other oxalate salts) whereas chromium, manganese and nickel remain 
similar to levels found with no addition of oxalic acid. Vanadium concentrations are significantly 
increased by approx. 75 % (Figure 8b). pH remained constant on the same level for all tests. 
 
Formic acid was added to the solvent to form formate in a similar way to the above testing with 
oxalate at levels of 50 & 100 mmol/kg. At these levels formate showed no change on any species 
concentrations following leaching. This suggests that the effect of organic heat stable salts is species 
specific relating to the solubility of particular organic acid-metal salts and potential enhancement of 
leachability of particular species from the fly ash. 
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Figure 8. Impact of oxalate on leachate levels of a) (left) Sulphate, phosphorous & light metals, b) (right) heavy metals. 
5. Conclusion 
The results of this study strongly suggest that the effects of particulate matter on the post-combustion 
capture process should not be ignored, even at relatively low levels in the incoming flue gas, as 30 wt% 
MEA can leach components of interest from ash more effectively than water alone. Ash captured in the 
liquid has the potential to release amounts of Fe, Mg and Ca into the solvent with Fe levels, in particular, 
being a concern for the enhancement of solvent degradation processes even at low concentrations. 
 
The impact transported 
by the liquid system and stored as deposits in the stripper where increased pH reduces the solubility of Fe 
compounds. This is a plausible explanation of the finding of Fe-rich deposits in some pilot plants in the 
recent past. The formation of oxalate HSS may also lead to the precipitation of oxalate salts (esp. 
calcium) in the reboiler as phosphates are leached out of the ash. Deposits in these areas may lead to 
plugging, reduced heat transfer efficiency and even corrosion issues. 
 
For capturing particulate matter from the solvent, often a cartridge filter or other devices are used. From 
the results of this work, the recommended optimum position for this filter is in cold lean solution 
following the cross heat exchanger. This represents the point of highest solvent pH in the system and thus 
the capture of particulate matter and precipitated leached metals will be maximised at this point. 
 
Future research should be focussed on investigated the impact of a range of degradation products on 
solubility and leachability of metals from ash and the analysis of pilot plant deposits to determine their 
origins. 
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